The strength of coke largely depends on the thermoplastic and dilatation behavior of its coal constituents. Therefore, understanding the behaviors that ensure high-strength coke is important. In this study, the combination of blended coal was varied and (in a separate experiment) asphalt pitch (ASP) was added to the blended coal. The resulting changes in coke pore structure were investigated by image analysis of a cross-section of coke. The main findings are summarized below.
Introduction
To operate a blast furnace with high productivity and a low rate of reducing agent, high-strength coke with sufficient permeability in the furnace is required. However, manufacturing high-strength coke consumes large quantities of high-quality coking coal. As coal prices continue to increase while the reserves of coking coal decline, a technology that allows the manufacturing of high-strength coke from blended coal containing a large proportion of slightly inferiorquality caking coal is in demand.
Factors determining the strength of coke are largely dependent on changes in the dilatation behavior of coal particles during the softening and melting of coking coal. On the basis of the relationship between coal dilatation ratio and particle to particle void ratio, Arima proposed the following mechanism for the effect of coal dilatation behavior on coke strength: 1) when the coal dilatation ratio is sufficiently high to fill the voids between coal particles, the particle surfaces establish a strong contact with each other, and the dilatation of coal particles is constrained. The result is a high-strength coke with high-circularity pore structures without any particle expansion. On the other hand, when the coal dilatation ratio is insufficient to fill the voids between coal particles, the surface contact between coal particles is small and the particles can freely expand. The resulting coke contains several cracks, connected pores, and deformed voids. The bursting or joining of gas bubbles in the particles lowers the strength of coke.
Because the dilatation behavior of coal is considered to influence the strength of coke, as mentioned above, understanding and controlling the thermoplastic and dilatation behavior of coking coal is indispensable for manufacturing high-strength coke. Ultimately, because the thermoplastic and dilatation behavior of coal is reflected in the pore structure of coke, coke strength and pore structure are intimately related.
2) Therefore, the thermoplastic and dilatation behavior of coal can be determined by analyzing the pore structure of coke. Despite the major effect of coke pore structure on coke strength, few such studies have been reported.
In developing a manufacturing technology for highstrength coke, it is important to not only investigate the relationship between the pore structure of coke and coke strength but also its dependence on the thermoplastic and dilatation behavior of coal.
When coke is prepared from single coal, the thermoplastic and dilatation behaviors of coal can be obtained by mea-suring the physical properties of coal such as fluidity and expansion ratio. In fact, coke is manufactured by carbonizing a blend of coals with different properties. A coal blending method on the basis of the relationships between the average properties and strength of the coal blend has been proposed. 3, 4) However, in this approach, the thermoplastic temperature region of the coal depends on the type of coal. 5) Therefore, the thermoplastic and dilatation behavior of a coal blend cannot be elucidated from simple measurements of fluidity and expansion ratio of the coal blend. At present, addition of a binder is a popular method for increasing coke strength; for example, the addition of asphalt pitch (ASP) in commercial coke ovens. ASP is obtained by the thermal decomposition of the residue of reduced pressure distillation in the oil refining process. ASP is considered to be effective for improving the compatibility of fused coal and increasing the optical anisotropy of coke texture, thereby increasing coke strength and reactivity. 6) In addition, unlike metallurgical coal, ASP is characterized by very high fluidity and a very wide thermoplastic temperature range. Therefore, it is expected that the addition of ASP dramatically alters the thermoplastic behavior of the coal blend, thus influencing the coke pore structure.
This study analyses the differences in thermoplastic temperature among coals with varying coal blend and the effect of ASP on coke pore structure. In addition, it investigates the relationships between these phenomena and coke strength. Especially, we analyzed the coke pore structure in detail, focusing on the dependence of coke pore structure on thermoplastic and dilatation behavior.
Experimental Procedure

Evaluating the Effect of Coal Type on Thermoplas-
tic Temperature The properties of the coal blends (Cases 1-3) used in this study are listed in Table 1 . The listed coal types were prepared from eight different types of high-rank coal with the following characteristics: volatile matter (VM), 17.8-30.4 mass%; maximum reflectance (Ro), 0.84-1.50%; maximum fluidity (MF), 39-3 550, and maximum dilatation (TD), 19.0-136. 8 . The values listed in Table 1 are the weighted averages of single coals comprising the coal blends. Cases 1 and 3 have the same Ro but different MF, whereas Cases 1 and 2 have nearly the same MF but different Ro. Coal blends 1, 2, and 3 were mixed with low-rank coal (Ro = 0.69%; Coal A) at blending ratios of 0%, 20%, and 50%, respectively (the blending ratio of Coal A was 100%), and were then carbonized. In the following description, high-and low-rank coals are characterized by Ro ≥ 0.8% and Ro < 0.8%, respectively. The thermoplastic and dilatation behaviors of coal blends (Cases 1-3) and Coal A were analyzed using a Gieseler plastometer and a dilatometer.
Each of the coal blends was packed into an iron vessel measuring 225 mm × 600 mm × 600 mm (W × L × H) and top-weighted by an 80-kg weight. The iron vessel was inserted into a two-sided reheating furnace with a cokeoven-chamber width of 290 mm 7) for carbonization. Coalgrinding size, moisture content, and charging coal bulk density was −3 mm (80%), 6.5%, and 760 dry-kg/m 3 , respectively. Carbonization temperature was adjusted such that the temperature at the center of the oven followed the coal heating pattern of an actual oven. After carbonization for 18 h, the carbonized coke was cooled to room temperature in a nitrogen atmosphere. The lumps of cooled coke were collected from the originally heated central surface regions, and cut into pieces such that the plane of microscopic observation was located 50 mm from the heated surface. Three to five coke pieces (30-50 mm 2 ) were cut from each coke lump. The coke pieces were embedded in a resin and ground, and almost the entire area of the ground surface was then photographed under a stereo microscope. Coke pore structure was then determined by image analysis. The images covered a total area of 6 700-7 200 mm 2 , and the microphotographs were taken at 40× magnification. The remaining coke was subjected to a drum test.
Evaluating the Effect of ASP Addition
The properties of the coal blend subjected to the carbonization test in this study are listed in Table 2 . The weighted averages of the properties of high-and low-rank coals comprising the coal blend are also listed in Table 2 . The principal properties of ASP are shown in Table 3 . To clarify its effect, ASP was added at a high proportion (10% and 20%) in the present study. The changes in thermoplastic and dilatation behavior induced by the addition of ASP were analyzed by a Gieseler plastometer and dilatometer. The coal blend was packed in a vessel measuring 400 mm × 400 mm × 225 mm (W × L × H) and carbonized in a test oven with an upside oven wall. 8) Carbonization temperature was 1 150°C, carbonization time was 18 h, and coal grinding size was −3 mm at 80%, and grinding size of ASP is −1 mm at 100%. The moisture content and charged coal bulk density was 6.5% and 740 dry-kg/mm 3 , respectively. The carbonized coke was cooled to room temperature in a nitrogen atmosphere. The lumps of coke were again collected from the originally heated central surface regions of the cooled coke. The pieces of coke were then cut from coke lumps such that the plane of microscopic observation was located 70 mm from the heated surface. Five to six coke pieces (20-50 mm 2 ) were cut from each coke lump. Each of the coke pieces was embedded in a resin and ground, and almost the entire area of the ground surface was then photographed under a stereo microscope. As mentioned in 2.1, the coke pore structure was determined by image analysis. The images covered a total area of 5 600-6 200 mm 2 , and the microphotographs were taken at 40× magnification. The remaining coke was subjected to a drum test. Figure 1 plots the fluidities and dilatations of various coal blends (Cases 1-3 and coal A) measured by a Gieseler plastometer and a dilatometer, respectively. In Fig. 1(b) , the double-ended arrows indicate the temperature range from maximum shrinkage to maximum dilatation (i.e., the temperature range of coal dilatation) of the specified coal blend or coal A. The thermoplastic temperature range of Cases 1 and 3 is nearly identical but they differ in their maximum fluidity and dilatation. On the other hand, Case 2 softens and expands at temperatures that are approximately 10°C higher than in Cases 1 and 3. In other words, the thermoplastic temperature range differs more widely between Case A and 2 than between Case A and Cases 1 and 3. Figure 2 shows the change in DI 150 15 when coal A is added to each of the Cases 1-3. As the blending ratio of coal A increases, the DI 150 15 of all the coal blends decreases; however, this trend is most noticeable in Case 2. Consequently, although Case 2 exhibits the highest DI 150 15 at 0% coal-A blending ratio, it displays the smallest DI 150 15 at 50% coal-A blending ratio. Although (relative to Coal A) the thermoplastic temperature range of Case 2 varies more widely than that of Case 1 or Case 3, it can be reasonably estimated that the more variable is the thermoplastic temperature range between the low-rank and high-rank coal, the more conspicuous is the decrease in the DI 150 15 of high-rank coal when blended with a low-rank coal.
Experimental Results and Discussion
Effect of Thermoplastic Temperature on Lowcircularity Porosity of Different Coal Types
The change in coke pore structure following the addition of low-rank coal A was indexed by the porosity of coke. Figure 3 plots the relationship between the blending ratio of coal A and coke porosity, which is calculated from image analysis. In all the three cases, porosity increases with the blending ratio of Coal A but the degree of porosity is very similar among the blends. Therefore, the varying DI increase cannot be explained by the porosity change alone. To evaluate whether pore shape was responsible for this difference, circularity was calculated as follows: In Eq. (1), C denotes the pore circularity [-] , S is the pore surface area [mm 2 ], and L is the pore circumferential length [mm] . The pore circularity reduces from 1 (denoting a perfectly circular pore) as the complexity of the pore shape increases. The circularity of connected pores and voids between insufficiently dilated particles is low because of their deformed shapes. Therefore, the present study focuses on the proportion of pores with a circularity of 0.1 or lower ("low-circularity pores"). Figure 4 plots the relationship between the coal-A blending ratio and low-circularity porosity. Here, the low-circularity porosity is the ratio of the area covered by low-circularity pores to the analyzed image area. The low-circularity porosity increases when coal A is added to any blend. Similar to the changes in DI The relationship between ASP blending ratio and porosity, calculated from the results of image analysis, is plotted in Fig. 6 . It can be seen from the figure that porosity slightly increased by ASP. Although higher porosity is supposedly associated with decreased coke strength, the addition of ASP markedly increased the DI in the present study. Therefore, in the present experiment, the change in DI in the presence of ASP is unlikely to be caused by changes in porosity. Figure 7 shows how the addition of ASP markedly reduces the proportion of low-circularity pores and improves pore shape. On the other hand, at blending ratios between 10% and 20%, ASP exerts a rather weak effect. Thus, DI 150 15 is likely correlated with low-circularity porosity. Figure 8 shows the examples of low-circularity pores. The low-circularity pores in Fig. 8 are colored dark-gray. Single low-circularity pores appear to be voids remaining between the coal particles (see Fig. 8(a) ), whereas their con- 6 . Relationship between the blending ratio of ASP and pore area.
Fig. 7.
Relationship between the blending ratio of ASP and low circularity pore area. © 2014 ISIJ nected counterparts appear as burst gas bubbles probably arising from the free expansion of unconstrained coal particles ( Fig. 8(b) ). Because ASP addition reduces the number of low-circularity pores, it is presumed that ASP influences the thermoplastic and dilatation behavior of coal.
Changes in Low-circularity Porosity in the Texture of Low-and High-rank Coal 3.3.1. Effect of Thermoplastic Temperature Range between
Low-and High-ranked Coal on Low-circularity Porosity of the Coal Textures In subsections 3.1 and 3.2, low-circularity was found to depend on the difference in thermoplastic temperature range between high-and low-ranked coal types. Low circularity porosity was also altered by adding ASP. Because these alterations affect the strength of coke, the underlying causes of the altered low-circularity porosity were clarified in a detailed analysis of coke pore structures.
Figures 9 and 10 are the cross-sectional images of coke obtained from Case 1 and Case 2 coal blends, respectively, each mixed with 50% coal A. The brightness of the sample under the microscope is affected by optical anisotropy differences in the coke matrix between the textures of low-and high-rank coal preparations. Under the stereo microscope used in the present study, low-rank coal yields a bright image, whereas high-rank coal yields a darker image. Therefore, the difference in the brightness of the matrix area was visually evaluated and the matrix area was manually divided into the regions of low-rank coal (coal A) and high-rank coal. In the textures of high-rank coal, regions clearly derived from fine grained low-rank coal were observed. However, these parts were difficult to separate in the image analysis. Therefore, in the present analysis, unless the grain sizes of low-rank coal were of the order of several millimeters, they were disregarded and the entire region was assumed to be derived from high-rank coal. (Hereafter, the textures of low-and high-rank coals are referred to as TLRC and THRC, respectively.) During thermoplastic and dilatation processes, the TLRC and THRC were not easily distinguishable when the lowcoal and high-rank coal were relatively compatible. Therefore, to investigate whether the compatibility between low-and high-rank coal differed among the investigated cases, the matrix area ratios of TLRC and THRC (excluding the pores) were calculated for each of the Cases 1-3 mixed with 50% coal A. The results are presented as a bar graph in Fig. 11 . In each case, TLRC covered less than 50% of the coke matrix area (TLRC < THRC). This result is partly attributable to the classification of the TLRC areas of 1 mm or less as THRC in the image analysis. It may also be attributable to the shrinkage of the solidified semi-coke. Specifically, because low-rank coal shrinks at a higher rate than highrank coal, TLRC covers a smaller proportion of the coke matrix area than THRC. However, because the TLRC/ THRC matrix area ratio does not significantly differ among Cases 1-3, the following discussion assumes that the lowand high-rank coals are equally compatible in each case.
As shown by the distribution of low-circularity pores in Fig. 9 , although there are numerous low-circularity pores in THRC, they are scarce in TLRC and the existing ones are relatively circular. This suggests that low-and high-rank coals differ in their thermoplastic and dilatation behaviors. Therefore, to thoroughly understand the thermoplastic and dilatation behavior of coal through image analysis, an accurate distinction between TLRC and THRC is required.
According to Fig. 10 , THRC in Case 1 contains both isolated and connected low-circularity pores. The low-circularity porosity of TLRC in each of the Cases 1-3 obtained by image analysis (at 50% blending ratio of coal A) is presented in Fig. 12(a) . Equivalent results for THRC at 0% and 50% blending ratio of coal A are presented in Fig. 12(b) .
In all the three cases, the low-circularity porosity of TLRC was smaller than that of THRC at coal A blending ratio of 50%. In Fig. 10 , the low-circularity pores in THRC appear as pores that were connected when gas bubbles in the coal particles burst under the free expansion of coal. The abundance of low-circularity pores in THRC is probably attributable to the prior solidification of low-rank coal than high-rank coal, which is relatively inert. 9) More specifically, as the low-rank coal solidifies, particles in the high-rank coal are easily outgassed into the adjoining low-rank coal, reducing the dilatation of the high-rank coal. On the other hand, high-rank coal that is not adjacent to the low-rank coal and is free to dilate, excessively expands to fill the voids. Because such high-rank coals can freely expand, their contained gas bubbles burst to form low-circularity pores (see THRC in Fig. 10 ). This behavior can account for the abovementioned increase in the low-circularity porosity of THRC.
Comparing the three coal blends, the low-circularity porosity is found to be significantly higher in Case 2 than in Cases 1 and 3. This result is consistent with the microphotographs shown in Figs. 9 and 10. In the THRC of Case 2, the low-circularity porosity is the smallest in the absence of coal A, and is the highest when coal A is added at 50%. From the abovementioned findings, it was considered that when the thermoplastic temperature range widely differs between the low-and high-rank coals, the low circularity porosity increases in both TLRC and THRC with a resulting marked decline in the DI 150 15.
Next, the reason for this phenomenon was investigated. In Cases 1 and 3, because the high-rank coal begins to dilate when coal A is also dilating (see Fig. 1(b) ), coal A is constrained to the extent that it cannot freely expand. Therefore, gas bubbles in the coal particles remain intact and very few low-circularity pores are formed. On the other hand, in Case 2, the high-rank coal remains fixed when coal A expands. Therefore, it appears that coal A can freely dilate, causing the gas bubbles in coal particles to burst and form lowcircularity pores. The reason for high low-circularity porosity in the THRC of Case 2 was also explored. In Case 2, because coal A has already solidified when the high-rank coal begins to dilate, the outgassing continues throughout the dilation of highrank coal. This behavior could explain the marked constraint of high-rank coal adjoining the low-rank coal, whereas highrank coal not adjacent to the low-rank coal can freely dilate. Such constraint would retain the voids between coal particles and increase the low-circularity porosity. Sakamoto and Igawa measured the thermoplastic temperature ranges and the dilatations of a blend of two coal types. 10) They concluded that the wider is the difference in thermoplastic temperature range between the two coals, the smaller is the dilatation of the coal blend relative to the weighted average of the dilatations of individual coals. Their conclusion is consistent with the present discussion. Furthermore, low-rank coal rapidly shrinks immediately after solidification 11) with void generation. Particularly, in Case 2, the number of voids increases by the continuous shrinking of low-rank coal as the high-rank coal expands. Consequently, the high-rank coal not adjacent to the solidified low-rank coal can freely dilate with the bursting of air bubbles in coal particles to form low-circularity pores.
From the pore structure analyses of TLRC and THRC discussed above, we can estimate how the dilatation behavior of low-and high-rank coal responds to the differences in thermoplastic temperature range between the two coal types. the addition of ASP were also investigated. This investigation assessed the effect of a binder (whose thermoplastic properties widely differ from those of low and high-rank coals) on the dilatation behavior of coals. TLRC and THRC were indistinguishable at an ASP blending ratio of 20% because their brightness was very similar in images. Therefore, only the results obtained at the ASP blending ratios of 0% and 10% are reported here. Figure 13 presents the matrix area ratios of TLRC and THRC in coal supplemented with 10% ASP. Addition of the binder widened the difference in the matrix area ratio between TLRC and THRC. This result is attributed to the highly developed optical anisotropy of ASP texture; consequently, ASP was judged as THRC in the image analysis. Another possible reason is that optical anisotropy was developed in the low-rank coal proximate to ASP, causing its texture to be recognized as THRC. Figure 14 is a crosssectional image of coke without ASP. Whereas several low circularity pores are present in THRC, very few are found in TLRC. This result is similar to those of Case 1 and 3 coal blends mixed with 50% coal A (see Fig. 9 ). Figure 15 is a plot of the weighted averages of thermoplastic temperature ranges of low-and high-rank coal prior to ASP addition. Values were calculated from the fluidities of each constituent brand, which were measured with a Gieseler plastometer. In addition, the difference between the re-solidification temperature of low-rank coal and the softening temperature of high-rank coal was computed for each of the Case 1-3 coal blends with additional coal A, and for the low-and high-rank coal in the blend used in the ASP blending test. The smaller this difference, the wider is the difference in thermoplastic temperature range between the two ranks of coal. The calculation results are shown in Table 4 . The temperature difference in the coal blend used in the ASP blending test (28°C) is close to that of Case 1 mixed with coal A (29°C). Therefore, low-circularity pores were mainly formed in the THRC. Figure 16 is a cross-sectional image of coke containing 10% ASP. ASP addition clearly decreases the number of low-circularity pores in the THRC, whereas no marked changes are observed in the TLRC. The low-circularity porosities of TLRC and THRC are presented as bar graphs in Figs. 17(a) and 17(b) , respectively. The calculated results agree with the qualitative results obtained by microscopic observations as described earlier. Therefore, it appears that ASP improves the DI by suppressing the development of low-circularity pores during the expansion of high-rank coal.
The reason for the improvement in DI by ASP can be understood from the thermoplastic and dilatation behaviors of low-and high-rank coals. In particular, because ASP begins to soften and melt at a low temperature (~180°C), it can be reasonably expected that when ASP is added, the thermoplastic and dilatation behaviors of both low-and high-rank coals initiate from the low-temperature side .  Figures 18(a) and 18(b) plot the fluidity and dilatation changes in a coal blend containing no ASP and 10% ASP, respectively. Measurements were obtained using a Gieseler plastometer and a dilatometer, respectively. ASP-induced a 10°C drop in the starting temperature of thermoplastic and dilatation behavior. This suggests that the low-and highrank coal composing the coal blend also started their thermoplastic and dilatation behaviors from lower temperatures. Consequently, several voids between the coal particles were filled before the low-rank coal solidified, and the expansion ratio of the high-rank coal decreased. Hence, before the high-rank coal began its free expansion, the voids were almost filled and the low-circularity porosity decreased. Because ASP is highly fluid, it probably enters the spaces between the solidifying low-rank coal and the expanding high-rank coal, inhibiting the outgassing process that otherwise reduces the expansion ratio of the high-rank coal. The present study was limited to the thermoplastic and dilatation behaviors of coal blends with additional ASP. In future work, the changes in the thermoplastic and dilatation behaviors of individual low-and high-rank coals containing ASP must be investigated in detail.
The abovementioned results confirmed that the addition of ASP effectively restrains the formation of low-circularity pores in high-rank coal under thermoplastic and dilatation conditions.
Conclusions
In this study, the difference in thermoplastic temperature range between high-and low-rank coals and the addition of ASP to coal blends was found to alter the pore structure of coke. The knowledge obtained from this study is summarized below.
(1) The low-circularity porosities of TLRC and THRC were calculated by image analysis. The Low-circularity porosity was observed to be smaller in TLRC than in THRC.
(2) When the thermoplastic temperature range widely differed between the low-and high-rank coals, the lowcircularity porosity of both TLRC and THRC tended to increase when mixed with low-rank coal. ( 3) The addition of ASP to a coal blend reduced the low-circularity porosity of THRC, probably because ASP reduced the starting temperature of thermoplastic and dilatation behavior.
In addition, by conducting pore structure analysis, researchers can begin to understand how ASP addition and difference in thermoplastic temperature range between highand low-rank coals alters the thermoplastic and dilatation behavior of coal. Current industries adopt a variety of cokemaking processes. The thermoplastic and dilatation behaviors of the coals used in these processes have become increasingly complex. In future, the evaluation technique described in this paper, together with the new technology for determining coke pore structures, will enable a proper understanding of the thermoplastic and dilatation behaviors of coals, and subsequently the optimization of coal pretreatment processes and coal blending conditions.
